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ABSTRACT

To better eliminate the impact of radioactive elements on the environment, we synthesized a ter-
polymer of acrylonitrile, acrylic acid, and hydroxyapatite (AN/AA-co-HAP) as an adsorption mate-
rial for separating uranyl ions in aqueous solution, which was based on our previous work. We
used Fourier-transform infrared spectroscopy, scanning electron microscopy, elemental analysis,
N, sorption/desorption isotherm, thermogravimetric analysis and X-ray diffraction methods to
characterize the material’s structure, and studied the effect of equilibrium time, pH, ionic strength,
solid-liquid ratio, initial concentration, and temperature on the adsorption process. Finally, it is con-
cluded that adsorption equilibrium can be reached within 60 min at room temperature, and the
maximum adsorption capacity is 343.3 mg/g. Thermodynamic analysis indicates that the adsorption
process is a spontaneous endothermic process. In the system with a nitric acid concentration of
0.05 mol/L (pH value: 1.3), the desorption rate of U(VI) can reach 91%, while the adsorption rate of
U(VI) in aqueous solution onto AN/AA-co-HAP is still remains >60% even after the material is has
been reused 6 times. These results suggest that AN/AA-co-HAP is highly valuable for treating U(VI)
ions in aqueous solution.
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1. Introduction

Nuclear energy has been widely used in military, energy
and other fields for its high efficiency and low carbon char-
acteristics [1]. However, the use of nuclear energy, mis-
management of nuclear waste, and nuclear leakage, etc.,
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can inevitably result in radioactive contamination. Once
radionuclides enter water, will they not only pose a threat
to aquatic organisms and the ecological environment but
may also enter human body through the food chain. Due
to their radioactivity, chemical toxicity, and biological accu-
mulation, can lead to leukaemia, cancer, and even death
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[2-4]. For instance, the “World Health Organization” and
the United States have set the maximum amount of uranium
ions in drinking water at 30 pg/L [5]. Nuclear waste contains
various radioactive elements (uranium, strontium, caesium,
plutonium, etc.), of which uranium(VI) is the main com-
ponent, so here is an urgent need for the safe and effective
removal of uranium ions from wastewater.

Various methods have been developed to remove ura-
nium from contaminated water, but the adsorption method
has widely gained attention due to its low cost, environ-
mentally eco-friendliness, and high efficiency [6-9]. The
development of new adsorbents has become the key issue
in this field. Carbon fiber [10,11] carbon nanotubes [12,13],
graphene oxide [14], MOFs [1] and COFs [15] materials
have been as potential sorbents investigated for removing
U(VI) from contaminated groundwater. Nonetheless, many
of these novel adsorbent materials have drawbacks such
as high cost, low adsorption capacity or low removal rate,
which limit their practical application.

Generally, a good adsorption material should have favor-
able properties such as a stable porous structure and func-
tional groups that combine easily with heavy metal ions,
as well as being rich in natural content. Hydroxyapatite
(HAP), a natural mineral containing phosphate, has been
widely used in medicine due to its similarity in composi-
tion to human bone and a Ca/P molar ratio of 1.67 [16-18].
Additionally, its high porosity, good buffering performance,
low water solubility, the presence of Ca*, OH-, and PO}
groups in its structure allow for the electrostatic interaction
or ion exchange with a range of metal ions such as Cd*,
Zn*, Pb*, Co*, UOZ, etc. [19-25]. Therefore, HAP materials
are also commonly used in treating wastewater containing
heavy metal ions. Since HAP is a white powder and difficult
to separate from the water phase, modified hydroxyapatite
can improve both its solid-liquid separation performance
and its adsorption capacity for specific metal ions. For exam-
ple, Liu et al. [26] reported that BioHAP is a suitable mate-
rial for the remediation of metal-contaminated water bodies
and the storage of radionuclide waste, respectively, with a
reported maximum adsorption capacity of 755 mg/g. Han et
al. [27] synthesized Bio-HAP600 with S, of 74.4 m?/g from
fresh bones by calcination, which could achieve adsorption
equilibrium within 10 min, and the maximum adsorption
capacity was 384.6 mg/g at pH of 3.0; Wu et al. [28] found
that the preparation of layered hollow hydroxyapatite micro-
spheres could be developed as excellent adsorbents for the
removal of U(VI) ions, with a maximum adsorption capacity
of 199 mg/g. El-Maghrabi et al. [29] proposed a simple micro-
wave-assisted synthesis of magnetically modified hydroxy-
apatite nanoparticles, with adsorption equilibrium reached
within 120 min, and the maximum adsorption capacity
of uranium is 310 mg/g.

Prior to this study, our group has reported on the use of
polyacrylic acid-hydroxyapatite composite material [30] and
hydroxyapatite composite material with amine oxime facul-
ties [31] in the adsorption of U(VI) ions in aqueous solution.
In order to gain a better understanding of the adsorption
performance of this type of material, this paper presents
the synthesis and structural characterization of the terpoly-
mer of acrylonitrile, acrylic acid, and hydroxyapatite (AN/
AA-co-HAP), and studies the thermodynamics and kinetics

of the U(VI) separation process. The optimal adsorption con-
ditions were determined by examining various influencing
factors, such as pH value, solid-liquid ratio, initial U(VI)
concentration and ionic strength of the solution. As a con-
tinuation of our research on the adsorption behavior of
functional hydroxyapatite composites for uranyl ions, this
paper provides experimental support for a comprehensive
understanding of this kind of adsorption materials and the
optimization of their adsorption conditions.

2. Materials and methods
2.1. Materials

The chemicals used in the experiment were as follows:
calcium hydroxide (98%, Sinopharm Chemical Reagent Co.,
Ltd., China); phosphoric acid (85 wt.%, Xiyashiji Company,
Linyi, China); N,N’-Methylenebisacrylamide  (>99%,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China);
potassium persulfate (99.5%, J&K Scientific, Beijing, China);
acrylonitrile (AN, >99%, Xiyashiji Company, Chengdu,
China); acrylic acid (AA, 99%, Anhui Senrise Technology
Co., Ltd., Shanghai, China); uranyl nitrate hexahydrate (99%,
Beijing Wokai Biotechnology Co., Ltd., Beijing, China); arse-
nazo III (>95%, Anhui Senrise Technology Co., Ltd., Shanghai,
China). All the other chemicals were of analytical grade and
deionized water was used unless stated otherwise.

Uranyl nitrate stock solution was prepared by dissolv-
ing uranyl nitrate hexahydrate (UO,(NO,),-6H,0) in deion-
ized water. The pH of the working solution was adjusted to
the desired value by the addition of 0.5 M HNO, or 0.5 M
NaOH aqueous solutions.

2.2. Characterization

The contents of C, H, N were measured by an elemen-
tal analyzer (Vario EL, Elementar, Hanau, Germany), which
were used to estimate the proportions of each monomer in
the copolymer. The morphological features of three pro-
portional copolymers were examined by the scanning elec-
tron microscopy (SEM, Hitachi S5-4800, Tokyo, Japan). A
Fourier-transform infrared spectroscopy (FTIR) spectrum
spectrometer (Nicolet Avatar 360, Thermo Nicolet, Waltham,
MA, USA) was used to characterize the material functional
group identifications in the range between 4,000~500 cm™ by
mixing 0.01 g of the material with 0.1 g KBr (spectroscopy
grade) pellets. The specific surface area and pore size were
characterized by N, adsorption/desorption isotherm exper-
iments (Micromeritics, ASAP 2020 V4.01, Georgia, USA).
The thermal stability was conducted by a thermogravimet-
ric analyzer (STA PT 1600, LINSEIS, Germany). X-ray dif-
fractometer (XRD, Shimadzu XD-1) was used to indicate the
phases exist in the material.

2.3. Preparation of AN/AA-co-HAP composite

AN/AA-co-HAP composite was synthesized by the fol-
lowing procedures previously reported in our research
[31]. Under N, protection and at 55°C, H,PO, (0.3 M, 25 mL)
was added dropwise to Ca(OH), aqueous solution (0.25 M,
50 mL), and after stirring for 30 min, equal molar amounts of
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acrylonitrile and acrylic acid were added to the reaction sys-
tem at the same time to make HAP:AN:AA = 1:1:1~1:10:10.
Subsequently, cross-linking agent (N,N’-methylene acryl-
amide) and initiator (potassium persulfate) were added, the
reaction temperature was raised to 65°C, and the reaction
was then allowed to proceed overnight under agitation. After
completion of the reaction, the generated precipitate was
separated by centrifugation and washed 5 times with deion-
ized water to remove unreacted reagents, followed by drying
in a vacuum chamber. The product was ground and sieved
down to 200 mesh size. The samples were characterized by
means of attenuated total FTIR and SEM.

2.4. Batch adsorption experiments

To conduct the adsorption experiments, a predetermined
amount of adsorbent was added to a fixed concentration of
U(VI) stock solution, and the pH of the reaction system was
adjusted to the desired value by a 0.5 M sodium hydroxide
aqueous solution, where the volume of solution was kept
at 5.00 mL using deionized water. The reaction system was
then stirred for 6 h at 25°C. The concentration of U(VI) was
analyzed using a Shimadzu UV-723N spectrophotometer:
specifically, 1.00 mL of the U(VI) supernatant after reaching
adsorption equilibrium was mixed with 1.00 mL of 0.5 M
HCL, 2.00 mL of 1 g/L arsenazo III solution, and 21.00 mL
deionized water were added to in a 25 mL volumetric flask.
After 20 min, the absorbance of the mixture was measured
at 652 nm [30], and the concentration of U(VI) ions for the
filtrate was calculated by comparing it with the standard
curve of the uranium solution.

The effects of various factors on the adsorption perfor-
mance were evaluated by varying the equilibrium time, ionic
strength, initial adsorbent dose, pH value, and U(VI) concen-
tration. The percentage adsorption on the adsorbent (adsorp-
tion ratio%) and the amounts of adsorbed ions g, (mg/g)
were calculated according to the following equations:

c,-C
Adsorption ratio% = M x100% 1)
P C
0

q, = {(CO_C)} xV @)

where C (mg/L) and C, (mg/L) are the U(VI) concentrations of
the liquid phase at initial time and equilibrium time, respec-
tively; V is the volume of the solution (L); m is the weight
of dry adsorbent used (g).

Table 1
Elemental analysis of AN/AA-co-HAPs

2.5. Desorption and reuse

The adsorbent bound to uranyl ion was obtained by cen-
trifugation and dried in a vacuum oven at 60°C for 2 d. The
adsorbent was then placed in a nitric acid solution (5.00 mL)
of different concentrations, and stirred at room tempera-
ture for 2 h, the desorption rate under this condition can
be determined by measuring the concentration of U(VI) in
the solution, which can be calculated by Eq. (3):

Desorption rate (%) = { Can } x100% (3)

(CUN - CeN)

where C, (mg/L), C,, (mg/L) and C,, (mg/L) represent the
U(VI) concentrations of the liquid phase supernatant at the
initial time and the equilibrium time of the Nth sorption/
desorption cycle, and after desorption by HNO,, respectively.

3. Results and discussion
3.1. Characterization
3.1.1. Elemental analysis

Table 1 displays the results of the elemental analysis
results of AN/AA-co-HAP synthesized with different ratios.
The molar ratio of AN in the terpolymer can be calculated
based on the mass percentage of N, and the molar ratio of AA
can be computed based on the mass percentage of C, with the
remainder being HAP. Therefore, the actual ratio of the three
monomers in the composite was determined. The results
also indicate that the content of HAP in the actual terpoly-
mer is lower than the theoretical amount, possibly due to the
incomplete reaction of calcium hydroxide and phosphoric
acid, leading to the formation of less HAP than anticipated.
The results obtained from the three different proportions
are consistent.

3.1.2. Scanning electron microscopy

The morphologies of AN/AA-co-HAP with different
proportions were characterized by SEM, and the results
are shown in Fig. la—c.

From the SEM results, it can be observed that the micro-
structure of this kind of material changes with variations
in its composition ratio. When the HAP content is high
(material 1), the structure is relatively compact and the
pore size of the particle surface is small. Material 3 exhibits
obvious surface characteristics of high polymer, and it even
tends to encapsulate hydroxyapatite inside. In order to bet-
ter reflect the stable structural support of hydroxyapatite

Theoretical value of N% C% H% Practical value of
HAP:AN:AA (molar ratio) HAP:AN:AA (molar ratio)
Material 1 1.00:1.00:1.00 1.582 9.334 1.126 1.00:1.36:1.76
Material 2 1.00:3.00:3.00 3.075 17.765 1.951 1.00:3.21:4.01
Material 3 1.00:10.00:10.00 6.645 36.865 3.704 1.00:13.51:15.64




R.X. Wang et al. / Desalination and Water Treatment 294 (2023) 162-171 165

and the adsorption ability of its surface-active functional
groups, the loose network structure characteristics formed
by the polymerization of its unsaturated organic molecules,
and the coordination ability of its coordination functional
groups for metal ions, the AN/AA-co-HAP of material 2 was
used as the adsorbent material in this study, and its adsorp-
tion performance has been also evaluated accordingly. This
decision is consistent with the results of preliminary exper-
iments. As can be seen from Fig. 1d-e, the material is loose
and porous before binding with uranyl ions, but after bind-
ing with uranyl ions, the porous structure on the surface of
the material disappears, showing a compact and smooth
state (Fig. 1f—g), all this indicating that the adsorption pro-
cess has reached equilibrium.

3.1.3. Fourier-transform infrared spectroscopy

As shown in Fig. 2, the stretching vibration peak
(2,246.9 cm™) of the cyano group (-C=N) indicates that acry-
lonitrile molecules have been successfully introduced into
the composite [32]. The absorption peak at 1,034.7 cm™ is
attributed to the stretching vibration peak of P=0O, while the

symmetric stretching vibration absorption is observed at
962.32 cm™, and the bending vibration absorption is observed
at 563.4 and 603.3 cm™ for the P-O bond. All of these indicate
that the PO, group is present in the composite structure
[33,34]. Moreover, the stretching vibration absorption peak
of the C=O bond at 1,724.4 cm™ and the stretching vibration
absorption peak of -OH at 2,938.6 cm™ prove the existence of
acrylic structural units in the composite [32,35].

3.1.4. Specific surface area

The Brunauer-Emmett-Teller (BET) measurements were
investigated using nitrogen sorption and desorption method
as displayed in Fig. 3a. The nitrogen sorption/desorption
isotherm of AN/AA-co-HAP and AN/AA-co-HAP-UO,*
are the type III curve of for a microporous material, and
the calculated specific surface area is 71.29 m*g and the
average pore diameter is 32.50 nm. When combined with
uranyl ion, the specific surface area of the AN/AA-co-HAP
becomes to 27.55 m?/g and the average pore diameter is
reduced to 12.38 nm. These results are consistent with SEM
results.

Fig. 1. Scanning electron microscopy of AN/AA-co-HAPs. (a) Material 1, (b) material 2, (c) material 3, (d) AN/AA-co-HAP
(100 pm), () AN/AA-co-HAP (30 um), (f) AN/AA-co-HAP-UO,* (100 um) and (g) AN/AA-co-HAP-UO,* (30 um).
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Fig. 2. Fourier-transform infrared spectrum of AN/AA-co-HAP (material 2).
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3.1.5. Thermogravimetric analysis

The thermal stability of AN/AA-co-HAP was analyzed
by thermogravimetric analysis (TGA). The results, depicted
in Fig. 3b, reveal that there are two distinct weight loss pro-
cesses occurring at 70°C-160°C and 320°C-530°C. The first
mass loss process can be attributed to the volatilization of
water and other solvents in the material, while the second
process can be regarded as the decomposition of AN/AA-co-
HAP chain. Overall, AN/AA-co-HAP exhibits good thermal
stability.

3.1.6. X-ray powder diffraction analysis

X-ray diffraction (XRD) can investigate the phase struc-
ture and the crystallinity extent of the material. The XRD
patterns of AN/AA-co-HAP and AN/AA-co-HAP-UO,* are
shown in Fig. 3c. It can be seen from the results that, due
to the introduction of copolymer, the crystallinity of the
adsorbed material is significantly lower than that of HAP,
but the diffraction peaks near 34° indicated that the crystal
structure of HAP is still preserved in the AN/AA-co-HAP.
At the same time, there is no obvious difference between the
XRD patterns of AN/AA-co-HAP and AN/AA-co-HAP-UO,>,
indicating that the introduction of uranyl ions does not
affect the structure of the adsorbed materials.

3.2. Adsorption performance study
3.2.1. Adsorption kinetics

Adsorption kinetics studies allow for predicting the
adsorption rate of adsorbents, which is crucial in evaluating
the practical application potential of this type of adsorbent.
Fig. 4 depicts the relationship between the adsorption capac-
ity of AN/AA-co-HAP with three different proportions for
U(VI) ions and their contact time. The results demonstrate
that the adsorption process can be divided into two stages:
in the first stage, the adsorption equilibrium has not been
reached, there are many empty binding sites on the surface
of the AN/AA-co-HAP, leading to a rapid increase in the
adsorption capacity. Within 30-60 min, the adsorption rate
of uranyl ions and desorption rate of AN/AA-co-HAP tend
to be consistent, and the adsorption amount is close to the
maximum. In the second stage, the adsorption reaction main-
tains dynamic equilibrium, and the adsorption capacity and
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the adsorption rate will not increase significantly with the
extension time.

At the same time, it can also be seen that the first adsorp-
tion stage of material 1 is similar to that of material 2, but
its maximum adsorption capacity is lower than material 2.
The adsorption rate and maximum adsorption capacity of
material 3 are also lower than those of material 2. Combining
these findings with the SEM results, it can be inferred that the
surface of material 1 has an obvious granular nature, which
facilitates the rapid binding of uranyl ions to the adsorbent
during the first stage of the adsorption process. However,
the relative surface area of material 1 is smaller than that of
material 2, resulting in a lower maximum adsorption capac-
ity. Material 3 exhibits clear polymer properties, which leads
to a slower increase in its adsorption rate during the first
stage. Owing to the higher content of cyanide and carboxyl
groups in material 3, its maximum adsorption capacity falls
between those of materials 1 and 2.

The kinetic study of this adsorption reaction is very
important to understand the physical and chemical changes
of this process. In this paper, typical adsorption kinetic
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models are used to fit adsorption data: pseudo-first-or-
der and pseudo-second-order models, and their linear
mathematical expressions, are shown in Egs. (4) and (5),
respectively:

ln(qel _qt)zlanl _Klt 4)

t_ 1

t
— 5
qt (qugzz) ’ qez ( )

where K, (min™) and K, (g/mg-min) are the rate constants of
the two models, respectively. g, (mg/g) and q,, (mg/g) are the
calculated equilibrium adsorption capacities of metal ions,
while g, (mg/g) is the adsorption capacity of metal ion at
time .

Table 2 shows the results of the kinetic parameters indi-
cating that the coefficient of determination (R?) of the pseu-
do-second-order kinetics model is 0.9952, which is closer
to 1 than pseudo-first-order kinetics model. Meanwhile,
the equilibrium adsorption quantity derived by the pseu-
do-second-order linear mathematical expression is more
consistent with the experimental data. Therefore, the pro-
posed secondary dynamics model is better suited to describe
the adsorption reaction process, and the adsorption rate is
more dependent on the availability of active adsorbent sites
than the concentration of metal ions. The bonding between
uranyl ions and the adsorbents involves a valence force
through the sharing or exchanging of electrons, which is
classified as a chemical adsorption process [36,37].

3.2.2. Effect of pH value and ionic strength

The pH value of radioactive waste liquid plays a criti-
cal role in determining the predominant form of U(VI) ions
and the surface chemistry of AN/AA-co-HAP. Therefore,
it is one of the most important factors to investigate the
potential of adsorbent materials for practical applications.

The stability of the terpolymer decreases under strong
acid conditions, which reduces the number of times it can
be reused. As the pH value increases, uranyl ions undergo
a hydrolysis reaction. When the pH value is above 4.5, the
proportion of free uranyl ions decreases significantly, while
the proportion of hydroxide forms of uranyl ions (UO,0OH",
(UO,),(CH),*, (UO,),(OH).*, etc.) increases. To better study
the adsorption behavior of AN/AA-co-HAP on uranyl ions,
in this section, the pH value of the solution is controlled
between 2.0~5.5.

Table 2
Kinetic parameters for U(VI) adsorbed onto AN/AA-co-HAP

Kinetic model Model parameters Results

K, (min™! 5.85x 102
Pseudo-first-order 1 (mlr; ) . 09><
kinetic model q, (mg/g) .

R? 0.8513

K ‘mi 5.75 x 10~
Pseudo-second-order 2 Eg/rr;g)mm) oo ;1
kinetic model 9., (Mg/g .

R? 0.9952

It can be seen from Fig. 5 that the adsorbance increases
with the increasing of the solution pH value. According
to the literature [38], there is no significant change in the
adsorption performance of hydroxyapatite to uranyl ions in
the range of pH 3-8, thus the change observed in this experi-
ment should be due to the changes of carboxylic acid groups
and uranyl ions.

Since acrylic acid remains an organic acid after polymer-
ization, and its pKa value is around 4-5, ion exchange reac-
tions between uranyl ions and carboxylic acid groups are
hindered under the condition of strong acidity. However, the
increased U(VI) adsorption at pH 4.0-5.5 could be ascribed
to the tendency of carboxylic acid groups to exist in the form
of carboxylate ions, which enhanced their binding ability
with uranyl ions. Additionally, the repulsion between like
charges increases the swelling capacity, promoting the com-
bination of uranyl ions with the active sites of the adsor-
bent material; and the surface co-precipitation of the U(VI)
(i.e., schoepite) may also occur [39].

In order to study the binding mechanism between AN/
AA-co-HAP and uranyl ions, all subsequent experiments
were conducted at a pH value of 4.0 + 0.1. When a NaCl solu-
tion was added to alter the ionic strength of the solution, the
results (Fig. 4) demonstrated that the adsorption properties
of this kind of adsorbent remained almost unchanged, indi-
cating that inner-sphere surface complexation dominated
U(VI) sorption on AN/AA-co-HAP [39].

3.2.3. Effect of solid/liquid ratio

Fig. 6 shows the relationship among solid/liquid ratio,
adsorption capacity, and adsorption rate. With an increase in
the solid/liquid ratio, the adsorption rate increases, but the
adsorption capacity gradually decreases. This is because, at
the initial stage, the low content of the adsorbent in the solu-
tion results in an insufficient number of sites available to bind
with U(VI) ions, which leads to a high level of adsorption
capacity. As the solid/liquid ratio increases, the concentration
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Fig. 5. Effect of pH value and ionic strength.
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of U(VI) ions in the solution drops significantly, leading to
a decrease in adsorption capacity. Once a dynamic equilib-
rium is established between the adsorbed and free U(VI)
ions, the adsorption rate remains relatively stable. When the
solid/liquid ratio is 0.09 g/L, the adsorption rate is 92.7%,
indicating that AN/AA-co-HAP exhibits good adsorption
performance for U(VI).

3.2.4. Effect of the initial concentration of U(VI) and
adsorption thermodynamics

Fig. 7 shows the effect of the initial concentration of U(VI)
ions on the adsorption capacity of AN/AA-co-HAP at differ-
ent temperatures (298.15, 318.15 and 338.15 K). The results
suggest that increasing the temperature is conducive to the
adsorption of U(VI) ions onto AN/AA-co-HAP. In addition,
the adsorption capacity increases with the initial concen-
tration, and can reach a maximum value.

In order to understand the surface properties and adsorp-
tion mechanism of the adsorbent, Langmuir and Freundlich
adsorption isotherm models were used to simulate the
adsorption process [40]. The linear form of Langmuir equa-
tion is shown as Eq. (6):

C 1 C
Zem ©)
qe (KL ' qmax ) qmax

where C, is the equilibrium concentration of U(VI) in solu-
tion (mg/L), g, is the adsorption capacity at adsorption equi-
librium (mg/g), g, is the maximum adsorption capacity
(mg/g), K, is the adsorption equilibrium constant (L/mg).
The assumptions of the Langmuir isothermal model are as
follows: monolayer surface adsorption, the adsorption sites
are the same, and the adsorbed particles are completely inde-
pendent. The adsorption capacity increased with the increase
in temperature under the same conditions, indicating that
the adsorption process was endothermic, and the interaction
between U(VI) and the active site of AN/AA-co-HAP could
be promoted with the increase of temperature.
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Fig. 7. Effect of the initial concentration of U(VI) and the tem-
perature of the solution to adsorption process. (C[U(VI)]
=21 x 10° ~ 2.4 x 10* mol/L; solid/liquid ratio = 0.09 g/L;
pH =4.00+0.05; t=2.0 h).

Table 3
Constants of Langmuir and Freundlich model

T(K) K (L/g) e (Mg/g) R
Langmuir ~ 298.15  0.675 370.4 0.9995
model 318.15  0.595 400.0 0.9993
338.15  0.558 4167 0.9993
T(K) K, (mg-/Lrg) n R
Freundlich 298.15  135.46 2.75 0.8461
model 318.15 137.84 2.60 0.8668
338.15  139.05 2.41 0.8811

The Freundlich isotherm model is an empirical equa-
tion with no assumptions [41], and its linearization form is
shown as Eq. (7):

Ing, =InK, +1lnC€ (7)
n

where K, (mg'™/L"g) and n are characteristic constants
related to the relative adsorption capacity and adsorption
strength, respectively.

The experimental results show that the Langmuir iso-
therm model is more suitable to describe the adsorption pro-
cess than the Freundlich isotherm model, and the predicted
maximum adsorption capacity matches the experimental
value. The relevant fitting results are shown in Table 3.

Based on the above experimental results, the van't Hoff
equation can be used to calculate the changes of thermody-
namic parameters in the adsorption process, which helps
us to analyze the adsorption process.
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Fig. 8. Desorption and reuse capacity of AN/AA-co-HAP (C[U(VI)] = 82 x 10° mol/L; solid/liquid ratio = 0.09 g/L;
PH, sorption = 4:00 £ 0.05; [H'] (o, o = 0.05 mol/L; T=298.15+1.00 K; £ =2.0 h).
Table 4 Table 5
Thermodynamic parameters Values of separation factor (SF) for (UO,)* vs. five metal ions
T (K) AG® (kJ/mol) AH° (kJ/mol) AS° (J/mol-K) UOy)»/ (WO (UOY*/  (UO)*/  (UOy)*/
29815 3560 Mg* Cu™ Zn’ Ni P
318.15 -38.10 1.56 124.65 SF  29.56 19.22 15.21 25.49 16.63
338.15 -40.59

©)

where R is the universal gas constant (8.314 J/mol'K) and
T is the thermodynamic temperature (K). The detailed
values of AG®°, AH® and AS?° are listed in Table 4.

As can be seen from Table 4, AG® values are all nega-
tive, indicating that the binding process between the adsor-
bent and U(VI) ions is spontaneous. AG® decreases with the
increase of temperature, which indicates that the adsorp-
tion process is endothermic. The affinity of AN/AA-co-HAP
increases with the increase of temperature [42], which is
consistent with the experimental results that the adsorp-
tion capacity (343.3 ~ 370.5 ~ 390.6 mg/g) increases with the
increase of temperature (298.15 ~ 318.15 ~ 338.15 K).

AG° =AH°-TAS®

3.2.5. Desorption and reuse

The desorption capacity and reusability of an adsorbent
determine its potential for practical application. Based on
previous practical experience, we conducted experiments
on the reaction system for uranyl ion desorption with dif-
ferent concentrations of nitric acid solution. Fig. 8a shows
that the desorption rate of uranyl ions is related to the acid
strength of the system. At a concentration of 0.05 M nitric
acid (pH value is 1.3), the desorption rate was greater than
91%. This result suggests that the uranyl ions were bonded
to the adsorbent through ion exchange that forms ionic
bonds or coordination bonds [36].

As shown in Fig. 8b, the experimental results of adsorp-
tion and regeneration indicated that AN/AA-co-HAP can
effectively repeat 6 cycles of the adsorption/desorption
process (adsorption ratio >60%), which indicates that this

adsorbent has good application potential for the enrichment
of uranyl ions in aqueous solution.

3.2.6. Selective adsorption of uranyl ions

Since a variety of ions coexist with uranyl waste liquid
systems, so it is necessary to determine the interactions
between ions and the influence on the adsorption capacity of
materials during the adsorption process. In this experiment,
Mg*, Cu*, Zn*, Ni** and Pb* were selected as coexisting
competitive ions, and the concentration of each ion was set
at 8.0 x 10° mol/L. The concentration of metal ions was deter-
mined by atomic absorption spectrometry (AAnalyst 700,
PerkinElmer Company, Waltham, MA, USA).

It can be seen from the results of the separation fac-
tor values (as shown in Table 5) that the adsorption capac-
ity of AN on U(VI) is significantly higher than that of other
coexisting ions. Furthermore, it can also be inferred that the
existence of coexisting ions has no obvious influence on the
adsorption process.

4, Conclusions

In this paper, AN/AA-co-HAP was used as an adsor-
bent to remove uranyl ions from the radioactive waste lig-
uid. According to the kinetic study, the adsorption process
can be well described by the pseudo-second-order model.
Therefore, we inferred that U(VI) ions and AN/AA-co-HAP
combined through valence forces by sharing or exchang-
ing electrons, which belongs to the chemical adsorption
process. The Langmuir isothermal model showed that ura-
nyl ions combined with the adsorbent as a monolayer sur-
face form, and there was no interaction between metal ions.
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The thermodynamic study of the adsorption process showed
that the binding of uranyl ions with adsorbent materials
was a spontaneous endothermic process. The above results
provide experimental data to support the further devel-
opment of such adsorbents.
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